Abstract. 2, 4, 6, .1] nonan-9-one (B16), a bispidinone analog, was synthesized to investigate its effects on cell viability, the cell cycle, and apoptotic pathways in HeLa human cervical cancer cells. B16 decreased the percentage of viable cells in WST-8 assays, and morphological changes associated with apoptotic cell death were observed, including cell shrinkage and disruption. Annexin V-FITC/PI dual staining assays showed that B16 significantly increased the early apoptosis of HeLa cells after 24 h of treatment. Moreover, DNA content analysis and [ 3 H]-thymidine incorporation assays showed that B16 induced S-phase cell cycle arrest and inhibited DNA replication after 24 h of treatment. Following treatment with 25 µM of B16, an increase in reactive oxygen species and a decrease in mitochondrial membrane potential were observed by flow cytometry. In addition, the expression levels of caspase cascade and Bcl-2 family proteins determined by western blotting suggested that the induction of apoptosis by B16 was associated with a caspase-and mitochondrial-dependent pathway in HeLa cells. In conclusion, B16 induced early apoptosis and S-phase cell cycle arrest in HeLa cells via a caspase-and mitochondrial-dependent pathway.
Introduction
Cervical carcinoma is the second most common type of cancer in women and is the most prevalent female malignancy in many developing countries (1, 2) . Although the efficacy of chemotherapy for the majority of cancer types has improved over the last three decades, the severe reduction in quality of life caused by highly toxic effects of chemotherapeutic drugs is still a formidable problem in clinical medicine (3, 4) . Therefore, the development and mechanistic investigation of chemotherapeutic or chemopreventive agents against cervical carcinoma are important steps towards reducing the incidence and mortality of this disease (5) . Apoptotic and cell cycle control have recently attracted the attention of investigators for the development of novel anticancer agents (6, 7) .
Apoptosis is a highly regulated cellular process that maintains the physiological balance of an organism by eliminating unwanted and defective cells through an orderly process of cell disintegration (8) . Apoptosis is characterized by morphological changes such as membrane blebbing, cytoplasmic and chromatin condensation, and apoptotic body formation (9) . Biochemical changes including cysteine-dependent aspartatedirected protease (caspase) activation, DNA fragmentation, and phosphatidylserine translocation are also associated with apoptosis (10) . The death receptor and mitochondrial pathway are known to lead to apoptosis. The death receptor pathway is triggered by members of the death receptor super family. The formation of a death-inducing signaling complex, clustered by CD95, leads to the recruitment of multiple procaspase-8 molecules via the adapter molecule FADD (Fas-associated death domain protein), resulting in caspase-8 activation. The mitochondrial pathway, which is regulated primarily by the Bcl-2 family, may be caused by the opening of the mitochondrial permeability transition pore, resulting in a decline of mitochondrial membrane potential (MMP), failure of Ca 2+ control (11) , generation of reactive oxygen species (ROS) (12) , and the release of pro-apoptotic proteins (13) . In the early stage of apoptosis, the pro-apoptotic protein Bax translocates from the cytosol to the mitochondria, leading to an efflux of cytochrome c (14) , which then binds to Apaf-1 and forms the apoptosome. The apoptosome recruits and activates procaspase-9, which in turn activates downstream executioner caspases, such as caspase-3, -6, and -7 (15, 16) .
The cell cycle is defined as a set of events responsible for cell duplication (17) . The progression of cell cycle events is monitored at checkpoints that occur at the G1/S boundary, A novel bispidinone analog induces S-phase cell cycle arrest and apoptosis in HeLa human cervical carcinoma cells during the S phase, and during the G2/M phase (18) . In a normal cell cycle, the M phase always follows the S phase and does not occur until the S phase is complete. The cell cycle checkpoints are activated by DNA damage and by the misalignment of chromosomes at the mitotic spindle (19) . In this case, the growth arrest caused by checkpoint mechanisms allows the cell to repair the damage, after which progression through the cell cycle resumes. If the damage cannot be repaired, the cell is eliminated through apoptosis (20, 21) . 3,7-Diazabicyclo[3.3.1]nonane, known as bispidinone, is of biological interest owing to its presence in the molecular structure of various alkaloids, such as diterpene, norditerpene, and lupin (22) . The antibacterial and antifungal efficiency of bispidinone analogs have led to their use as templates for the improvement of antimicrobial agents (23) . Furthermore, it has been confirmed that bispidinone analogs exert anticancer effects in HeLa cells via mitochondrial-mediated apoptosis. In this study, we determined the anticancer effects of a novel bispidinone analog, 2,4,6,8-(3)-tetranitrophenyl-3,7-diazabicyclo[3.3.1]nonan-9-one (B16) (Fig. 1) , and investigated the underlying molecular mechanism of its activities.
Materials and methods
Chemicals. Bispidinone and bispidinone analogs were obtained from the laboratory of Dr D.H. Park. Stock solution of the samples was dissolved in dimethyl sulfoxide (DMSO) as 20 mM and kept at 4˚C. Further dilutions were made immediately prior to each experiment. Eagle's minimal essential medium (EMEM), penicillin-streptomycin and trypsin-EDTA were purchased from HyClone (Logan, uT, uSA). Fetal bovine serum (FBS) was obtained from Gibco-BRL (Carlsbad, CA, uSA). The Cell Counting kit-8 (CCk-8) was obtained from Dojindo (Osaka, japan). The propidium iodide (PI)/RNase staining buffer and Annexin-FITC kit for apoptosis were from BD Pharmingen (San Diego, CA, uSA).
Cell culture. HeLa cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA, uSA) and were cultured in EMEM supplemented with 10% FBS and 1% penicillin-streptomycin at 37˚C in a humidified atmosphere with 5% CO 2 .
Cell viability and proliferation assay. HeLa cells were plated at 5x10 3 cells/well in a 96-well microplate. After 24 h, the media were substituted with fresh media containing B16 at concentrations of 7.5, 15 and 30 µM. The plate was incubated for 48 h and cell viability was assessed using a WST-8 assay according to the manufacturer's recommendations (24) . CCk-8 solution (10 µl) was added to each well of the plate followed by 2-h incubation. The optical density for viable cells was read at 450 nm in a multimicroplate reader (Synergy HT; BioTek Instruments, Inc. Winooski, VT, uSA). For the effect of B16 on HeLa cell proliferation, the cells were seeded at 5x10 3 Annexin V-FITC/PI apoptotic analysis. Cells (3x10 5 ) in a 60-mm Petri dish, treated with or without B16, were collected by trypsinization and washed with ice-cold phosphate buffered saline (PBS) via centrifugation at 2,500 g for 3 min. Cells (1x10 5 ) were resuspended in 100 µl of binding buffer and stained with 5 µl of Annexin V-FITC and 10 µl of PI (50 µg/ml) for 15 min at room temperature, in the dark. Analysis was performed by FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, uSA) with 10,000 events/analysis. The data were analyzed using Cell Quest Pro software (Becton-Dickinson Instruments, Franklin Lakes, Nj, uSA).
Cell cycle arrest assay. Cells (3x10 5 ) in a 60-mm Petri dish, treated with or without B16, were collected by trypsinization and washed with ice-cold PBS via centrifugation as above. The cells were suspended in PBS and fixed with 70% ethanol (v/v). Samples were washed with ice-cold PBS and stained with PI/RNase staining buffer for 15 min at room temperature. The number of cells in different phases of the cell cycle was analyzed using a FACScan flow cytometer analysis system and 20,000 events were analyzed each time. The percentage of cells in different phases of the cell cycle was determined using Modifit software (Becton-Dickinson Instruments).
[
3 H]-thymidine incorporation assay. Briefly, the HeLa cells were applied to 12-well plates in growth medium (EMEM + 10% FBS + 1% penicillin-streptomycin). After the cells had grown to 70-80% confluence, they were rendered quiescent by incubation for 24 h in EMEM containing 2% FBS. The cells were treated with or without B16 in EMEM supplemented with 10% FBS and the cultures were incubated for 21 or 45 h. [ 3 H]-dTTP was added at 1 µCi/ml (1 µCi=37 kBq) and incubated for an additional 3 h. Incorporated Measurement of intracellular ROS. Generation of ROS was assessed using the fluorescent indicator 2,7-dichlorodihydrofluorescein (H 2 DCF-DA), a cell-permeable indicator for ROS shown to react with H 2 O 2 (26). As previously described, H 2 DCF-DA was oxidized to highly green fluorescent 2,7-dichlorofluorescein (DCF) by the generation of ROS. Cells (3x10 5 ) in a 60-mm dish, treated with or without B16, were collected by trypsinization and centrifugation as describe above. The samples were washed with ice-cold PBS and stained with 2 µl H 2 DCF-DA for 30 min at 37˚C in the dark. Relative fluorescence intensities were monitored using the FACSCalibur flow cytometer and analyzed using CellQuest software with the FL-1 channel (green) set to 530 nm.
Measurement of mitochondrial-membrane potential.
Rhodamine 123 was used as a fluorescent probe to detect the depolarization of mitochondrial-membrane potential. During apoptosis, the integrity of the mitochondrial membrane is disrupted, leading to depolarization of the membrane, opening of mitochondrial permeability transition pores and release of sequestered rhodamine 123. Cells (3x10 5 ) in a 60-mm Petri dish), treated with or without B16, were collected by trypsinization and centrifugation as described above. The samples were washed with ice-cold PBS and stained with 5 µl rhodamine 123 for 30 min at 37˚C in the dark. Relative fluorescence intensities were monitored using a FACSCalibur flow cytometer and analyzed using Cell Quest software with the FL-1 channel.
Western blot analysis. Following treatment of cells with or without B16, total cell lysates was prepared as previously described. Protein contents of the lysates were determined by the Bradford protein assay (Bio-Rad, Hercules, CA, uSA). Proteins (8 µg) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose membranes (Schleicher & Schuell, BioScience, Inc., keene, NH, uSA) by western blotting. The results were quantified using Image J v. 
Results
Cytotoxic effect of B16 in HeLa cells. The cytotoxicity of B16 was determined using WST-8 assays. After incubation with increasing concentrations (7.5, 15, and 30 µM) for 48 h, B16 showed significant cytotoxicity in HeLa cells in a concentration-dependent manner, compared to the control (Fig. 2A) . The IC 50 value of B16 was 22.66 µM. In addition, the proliferation of HeLa cells treated with 25 µM of B16 was measured at 12-h intervals for 60 h. As shown in Fig. 2B , the proliferation of HeLa cells treated with B16 continuously increased during the first 12 h, and then the proliferation rate observed at 12 h was maintained until 60 h. By contrast, the control cells maintained an exponential proliferation state throughout the 60-h incubation. These results suggested that B16 reduced the viability of HeLa cells in a dose-and time-dependent manner.
Morphological changes and early apoptosis induced by B16 in HeLa cells.
Morphological observation using light microscopy was performed to study B16-induced apoptosis in HeLa cells. As shown in Fig. 3A , the untreated cells spread regularly in culture plates and grew to near confluence. After 24 h of treatment with B16, some of the cells floated in the culture plates, while the majority of the attached cells maintained a shrunken shape. After 48 h of treatment, a significant proportion of the HeLa cells dislodged from the plates and the remaining adherent cells showed typical morphological changes, such as shrinkage, floating, and an increase in intercellular space. To assess the induction of apoptosis by B16 in HeLa cells, an Annexin V and PI double staining assay was performed. A 48-h treatment with B16 significantly increased the percentage of cells undergoing early apoptosis from 5.27 (0 h) to 25.11% (48 h) (Fig. 3B) . In addition, the percentage of cells in late apoptosis (necrotic cells) was also increased by B16 treatment (Fig. 3B) .
Induction of cell cycle arrest by B16.
Cell growth and inhibition are tightly mediated through cell cycle control mechanisms (27) . To examine the effects of B16 on the cell cycle, a DNA content assay was performed to analyze the cell cycle distribution of HeLa cells treated with 25 µM B16. In the cells undergoing apoptosis, a DNA peak that is characteristic of apoptosis (usually known as the sub-G0/G1 peak or apoptotic peak) appeared (Fig. 4) (Fig. 5) . This result suggested that B16 had an inhibitory effect on the process of DNA replication.
Effect of B16 on ROS generation and MMP levels in HeLa cells.
ROS plays an increasingly important role in apoptosisinduced cell death (28) . Therefore, we determined the effect of B16 on ROS generation by measuring the fluorescence of the cell-permeable dye H 2 DCF-DA in HeLa cells during a 6-h treatment with 25 µM B16. The mean H 2 DCF-DA fluorescence value increased from 49.78 (0 h) to 101.98 (3 h) following treatment with B16, whereas the value of H 2 DCF-DA fluorescence decreased after the 3-h time point (Fig. 6A) . These results indicate that treatment with B16 induced changes in ROS generation.
The generation of ROS is associated with the disruption of the mitochondrial-membrane potential, and mitochondrial-membrane depolarization is considered to be a crucial hallmark of apoptosis. In our study, rhodamine 123 was used as a fluorescent probe to detect the loss of MMP. Fig. 6B shows that the mean rhodamine 123 fluorescence decreased from 86.97 (0 h) to 82.8 (12 h) and 74.83 (24 h) following treatment with 25 µM B16, suggesting that mitochondria were involved in the observed B16-induced apoptosis.
Involvement of protein activation in B16-induced apoptosis.
To investigate the underlying mechanism of apoptosis induced by B16, the expression levels of several apoptosis-associated proteins were determined by western blot analysis. As shown in Fig. 7A , a decrease in procaspase-3 and -9 expression levels was observed in cells treated with B16, demonstrating the activation of the caspase cascade in these cells. We also assessed the expression level of p53, a known tumor suppressor, and found that it increased following treatment with B16 (Fig. 7A) . This result suggests that B16 suppresses tumor growth. B16 treatment also reduced the expression of procaspase-8 (Fig. 7B) . As caspase-8 is known to be involved in the Fas signaling apoptotic pathway, this result suggested that B16-induced apoptosis is mediated by the Fas signaling pathway. The expression level of the pro-apoptotic protein Bax was significantly upregulated by B16 treatment in a time-dependent manner, whereas the expression level of the anti-apoptotic protein Bcl-2 showed a tendency for downregulation compared to the control. Correspondingly, a marked increase in the Bax/Bcl-2 ratio was observed (Fig. 7C) . The changes in expression of Bcl-2 family members further confirmed that the mitochondrial pathway is involved in B16-induced apoptosis. Moreover, the caspase cascade is associated with the intrinsic and extrinsic apoptotic pathways. Thus, taken together, these results suggested that B16 induced apoptosis in HeLa cells via a caspase-and mitochondrial-dependent pathway.
Discussion
Bispidinone (3,7-diazabicyclo[3.3.1] nonane) is present in the molecular structure of various alkaloids (e.g., diterpene, norditerpene and lupin); thus, this compound is of significant biological interest. To the best of our knowledge, there is no reported evidence for the use of bispidinone for cancer treatment, whereas its cytotoxicity has been documented. B16 is a novel bispidinone analog that can significantly suppress the proliferation of HeLa cells in a dose-and time-dependent manner. To the best of our knowledge, this is the first study on B16 induction of apoptosis in human cervical cancer cells and suggests a potential therapeutic role for B16 in the treatment of cervical cancer.
To examine the anticancer effects of B16 and ensure the accuracy of the results, we used several methods in this study to determine the effects of B16 on apoptosis. Cell cycle arrest and apoptosis can be induced by inhibitor-mediated blockage of DNA replication or DNA template damage due to radiation or other factors (29, 30) . In this study, a DNA content assay determined that B16 inhibited HeLa cell proliferation via arrest of the cell division cycle during the S phase, in which cells replicate their DNA (31). Moreover, [ B16 also induced clear apoptosis-associated morphological changes, and the result of Annexin V-FITC/PI double staining indicated that B16 induced early apoptosis in HeLa cells.
The B16-induced HeLa cell apoptosis observed in the present study was associated with a significant increase in the levels of intracellular ROS and a disruption of MMP. The Bcl-2 family proteins Bax and Bcl-2 play important roles in the mitochondrial-mediated apoptotic pathway (32, 33) . Bcl-2 prevents apoptosis by preserving mitochondrial integrity, and the ratio of Bax to Bcl-2 is crucial to sustaining drug-induced apoptosis via the mitochondrial-mediated apoptotic pathway (34) . The present study has demonstrated that B16 upregulated the expression level of Bax and downregulated the expression level of Bcl-2, leading to an increase in the ratio of Bax/Bcl-2 protein levels. These findings add to the increasing evidence that Bcl-2 family proteins play central roles in apoptosis.
In the intrinsic pathway of apoptosis, caspase activation is closely linked to the permeabilization of the outer mitochondrial membrane. The release of mitochondrial cytochrome c facilitates the formation of the apoptosome complex, consisting of Apaf-1 and caspase-9, which subsequently activates effector caspases such as caspase-3 and leads to apoptosis (35, 36) . In the present study, caspase activation was determined by western blot assays using antibodies against activated procaspase-3, -8, and -9. The activation of caspase-3 and -9 was detected, indicating that B16 induced apoptosis via the intrinsic pathway. However, B16 also reduced the expression of caspase-8, which is an initiator caspase first activated through an external signal for cell death. Moreover, the level of p53, a well-known tumor-suppressor protein, was increased. Taken together, these results suggest that B16 induced apoptosis via the intrinsic and extrinsic pathways.
In conclusion, our results have demonstrated that B16 exerted an inhibitory effect on the growth of HeLa human cervical cancer cells, and that this effect was associated with the induction of S-phase arrest and the promotion of apoptosis. B16 induced apoptosis via an increase in ROS generation and depolarization of the mitochondrial membrane. Moreover, caspase cascades were activated following B16 treatment, confirming that the apoptosis induced by B16 was associated with the intrinsic and extrinsic pathways. The results of our study suggest that B16 suppresses cancer cell proliferation, induces cancer cell apoptosis, and inhibits cancer cell growth.
